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Abstract In mammalian cells, the Golgi complex has an

elaborate structure consisting of stacked, flattened cisternal

membranes collected into a ribbon in the center of the cell.

Amazingly, the flattened cisternae can rapidly dilate to

accommodate large cargo as it traffics through the orga-

nelle. The mechanism by which this occurs is unknown.

Exocytosis of large cargo is essential for many physio-

logical processes, including collagen and lipoprotein

secretion, and defects in the process lead to disease. In

addition, enveloped viruses that bud into the endoplasmic

reticulum or Golgi complex must also be transported

through Golgi cisternae for secretion from the infected cell.

This review summarizes our understanding of intra-Golgi

transport of large cargo, and outlines current questions

open for experimentation.
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Introduction

Golgi complex structure and function

The Golgi complex plays a central role in processing and

sorting of biosynthetic cargo in all eukayotic cells. In

mammals, the Golgi complex consists of sets of flattened

cisternal membranes arranged in stacks with associated

tubules and vesicles, which are usually collected at the

microtubule organizing center in a ribbon structure

(Klumperman 2011). Peripheral proteins including

GRASPs and golgins help maintain the stacks and ribbon,

although the mechanism for maintaining the flattened cis-

ternae is poorly understood. Cargo moves from the endo-

plasmic reticulum (ER) to the cis face of the Golgi and then

through the cisternae before being packaged at the trans

Golgi network (TGN) for export to its final destination

(Farquhar and Palade 1998). Golgi processing enzymes are

compartmentalized by being enriched in cis, medial, or

trans regions of the Golgi, largely in the order in which

they act on their substrates. Golgi structure is simpler in

lower eukaryotes, from dispersed stacks in invertebrates to

single stacks in some protozoa and yeasts, to isolated cis-

ternae in budding yeast (Mowbrey and Dacks 2009).

However, these less organized Golgi complexes also pro-

cess and sort cargo. Thus, the complex ribbon structure is

not essential for the known functions of the Golgi, and the

reason mammalian cells maintain the Golgi ribbon remains

an unanswered mystery in cell biology. Regardless of the

complexity of its structure, the Golgi is dynamic and can

accommodate and process many types of macromolecules

as they pass through the organelle.

Intra-Golgi transport

The mechanism of intra-Golgi transport in mammalian

cells is still debated, with cisternal maturation/progression

in combination with intercisternal tubules the current

favorite (reviewed in (Glick and Luini 2011)). However, a

recent study from the Rothman laboratory demonstrated

that cargo proteins could be transported through cisternal

rims while the flat regions of cisternae remain fixed in

place (Lavieu et al. 2013). These results support a newer

‘‘cisternal progenitor’’ model, where Rab cascades allow

transport by limited fusion of sequential cisternae in
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specific membrane subdomains while the remainder of the

organelle remains stable (Pfeffer 2010). Transport of large

cargo (such as procollagen, which cannot fit into conven-

tional transport vesicles) supports the cisternal maturation

or cisternal progenitor models of intra-Golgi transport.

However, a major unanswered question is how large cargo

actually fits inside Golgi cisternae. In the flattened regions

of cisternae, the luminal space is only about 20 nm

(Klumperman 2011), much narrower than the width of

cargo such as procollagen aggregates (up to 150 nm),

enveloped viruses that assemble intracellularly (70–

160 nm), and very low lipoprotein particles (chylomicrons)

in the intestine (400–1200 nm). Even the dilated rims of

the cisternae (*70 nm) are too small to accommodate

these large cargos without distension.

Golgi luminal microenvironment

The microenvironment in the Golgi lumen is important

for the function of the organelle. The pH of the Golgi is

mildly acidic, with the greatest acidification in the TGN

(pH *6.0) (Paroutis et al. 2004). The pH is important for

targeting of resident proteins and efficient function of

processing enzymes, particularly the furin family of

proteases. The luminal pH of acidic organelles is gener-

ated and maintained by a combination of proton transport

by the v-ATPase, anion transporters that relieve the

membrane potential that arises with proton accumulation,

and proton leak channels that limit acidification

(reviewed by (Rivinoja et al. 2011)). The anion trans-

porter regulating Golgi pH has been elusive, although the

Na?/H? exchanger family has been reported to contribute

to Golgi pH (Nakamura et al. 2005) as has the anion

exchanger AE2 (Holappa et al. 2004). An anion trans-

porter called GPHR (Golgi pH regulator) was recently

shown to be essential for maintaining cisternal pH, and

the absence of GPHR leads to reduced membrane traffic

and morphological disruption of the Golgi complex

(Maeda et al. 2008). Luminal acidification also regulates

events on the cytoplasmic side of the membrane,

including vesicle assembly. Weak bases (which disrupt

acidification), v-ATPase inhibitors, and expression of a

pH-activated proton channel all block a number of

membrane trafficking steps (reviewed by (Weisz 2003)).

One mechanism for how luminal pH can affect vesicular

trafficking involves a subunit of the membrane sector of

the v-ATPase, which has been shown to act as a pH

sensor in endosomes. This subunit undergoes a confor-

mational change as the luminal pH drops, which recruits

cytoplasmic machinery leading to subsequent vesicle

formation (Hurtado-Lorenzo et al. 2006). TGN acidifi-

cation is also required for efficient trafficking out of the

Golgi, but it is not clear how TGN pH is sensed.

In addition to a proton gradient, the Golgi lumen also

contains calcium and manganese; the calcium ATPase

PMR1/SPCA1 is responsible for transporting both ions into

the Golgi lumen (reviewed in (Van Baelen et al. 2004)).

The divalent cation concentration is critical for posttrans-

lational processing of cargo, particularly glycosylation

reactions. Recently, a family of Ca2?/cation exchangers

has been implicated in calcium and pH homeostasis in the

Golgi (Demaegd et al. 2013). Disruption of luminal pH or

calcium results in significant morphological changes in the

Golgi (Sakaguchi et al. 1996; Maeda et al. 2008; Micaroni

et al. 2011), suggesting that the microenvironment inside

the organelle is important for its structure as well as its

function.

Large exocytic cargo

Exocytosis of large cargo is essential for many physio-

logical processes, including collagen and lipoprotein

secretion, and defects in the process lead to disease. How is

large cargo accommodated as it moves through the Golgi?

Clearly, dilation of cisternae must occur, and intercisternal

adhesion may be affected as well. The significant mor-

phological changes that occur during passage of large

cargo are completely reversible (see below). How are the

dilation and other structural modifications coordinated and

are Golgi structural proteins disassembled? Although work

on procollagen and chylomicrons has uncovered mecha-

nisms for incorporation into large transport vesicles for

export from the ER (Malhotra and Erlmann 2011; Jin et al.

2012; Siddiqi et al. 2010), the mechanism for accommo-

dation inside Golgi cisternae is unknown. Work on exo-

cytosis of enveloped viruses that assemble by budding into

the Golgi lumen has begun to answer some of these

questions.

Procollagen aggregates

Fibrillar collagens like collagen I are synthesized in

fibroblasts as procollagen monomers, which assemble in

the ER lumen into a triple helix that forms a rigid rod

*300 nm in length (Leblond 1963). These rods form side-

to-side aggregates in the Golgi that can be up to 150 nm in

width. Once the procollagen helices are secreted, the pro-

peptides are removed and the typical collagen fibrils form

in the extracellular matrix. The export of the 300-nm long

rods from the ER requires specific machinery in addition to

COPII coat complexes (Venditti et al. 2012; Saito et al.

2009; Saito et al. 2011). Once in the Golgi, the aggregates

remain in the cisternae as they traverse the stack (Bonfanti

et al. 1998). Transport can be followed in a type of pulse-

chase experiment, by reversibly inhibiting prolyl
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hydroxylase in the ER (which is required for posttransla-

tional modification and subsequent assembly of the triple

helix). Large swellings in cisternae can be discerned by

electron microscopy as procollagen aggregates are traf-

ficked through the Golgi complex. However, the Golgi

cisternae appear to remain stacked during transport of

procollagen aggregates, at least in cultured fibroblasts

(Bonfanti et al. 1998).

Chylomicrons

Dietary lipids are absorbed by intestinal epithelial cells and

converted to lipoproteins called chylomicrons for distribu-

tion to the rest of the body. Chylomicrons (C400 nm in

diameter) are the largest secretory cargo known in mam-

mals. Electron micrographs from the 19700s documenting

the passage of chylomicrons through the Golgi in absorptive

epithelial cells show unstacked and extremely distended

cisternae (Sabesin and Frase 1977; Friedman and Cardell

1972). Yet this cargo is processed by Golgi enzymes and

secreted at the basolateral surface. Once the lipids from a

meal are cleared from intestinal epithelial cells, Golgi

structure returns to a normal appearance, demonstrating that

these massive structural alterations are reversible.

Chylomicron assembly (reviewed in (Mansbach and

Siddiqi 2009)) begins in the ER of intestinal epithelia, after

monoacylglycerols and free fatty acids from digested fats

are absorbed at the apical surface. Lipid transfer proteins

are essential for movement and transfer of these lipids into

the ER lumen, where they are re-esterified into triglycer-

ides and form lipid-rich particles also containing phos-

pholipids and cholesterol. These particles combine with

newly synthesized apolipoprotein B (apoB48) to form

prechylomicrons, which are then transported to the Golgi in

specialized transport vesicles (Siddiqi et al. 2010). Once in

the Golgi lumen, the prechylomicrons are further pro-

cessed, with addition of other apoproteins and lipids, and

finally the mature chylomicrons are released at the baso-

lateral surface into the lamina propria, where they are

circulated though the lymph to be used throughout the body

after lipolysis. Recently, it was shown that the Golgi

GTPase ARFRP1 (Arf-related protein 1) is required for

release of fully lipidated chylomicrons from the Golgi

(Jaschke et al. 2012). ARFRP1 is involved in golgin

recruitment to the TGN (Zahn et al. 2008; Setty et al.

2003), but it is not clear how it controls chylomicron

processing. Overproduction of chylomicrons in type 2

diabetes (Xiao and Lewis 2012) is likely to prolong

changes in Golgi morphology, potentially leading to stress

in intestinal epithelial cells. Dissection of the mechanism

by which the Golgi can accommodate and transport chy-

lomicrons is also important for understanding chylomicron

retention disease and atherosclerosis.

Enveloped viruses that assemble at intracellular

membranes

Most well-studied enveloped viruses bud from the plasma

membrane, where they are directly released from the cell.

Enveloped viruses that assemble at intracellular membranes

have an additional challenge in terms of release, since they

must traverse the cellular secretory pathway (Griffiths and

Rottier 1992). Viruses that assemble by budding into the ER

include most flaviviruses such as hepatitis C virus. Besides

hepatitis, flaviviruses cause different types of encephalitis

(Heinz and Stiasny 2012; Shulla and Randall 2012). Viruses

that assemble in Golgi membranes include coronaviruses,

bunyaviruses, and rubella virus. Coronaviruses can cause

severe respiratory disease in humans [severe acute respi-

ratory syndrome (SARS) and Middle East respiratory syn-

drome (MERS)], bunyaviruses cause hemorrhagic fever or

encephalitis, and rubella virus causes German measles (de

Groot et al. 2013; Bolles et al. 2011; Elliott 2009; Banatvala

and Brown 2004). The envelope proteins of these viruses

are synthesized in the ER using the same machinery as host

membrane proteins, and they are then targeted to the

assembly compartment prior to budding. Once budded into

the lumen of the ER or Golgi, the particles range from 70 to

160 nm, and dilation and even disassembly of the Golgi

have been observed during infection (Ulasli et al. 2010;

Gahmberg et al. 1986; Lavi et al. 1996). The advan-

tage(s) of intracellular assembly are unknown. However,

the efficient release of infectious virus appears to require

modification of the secretory pathway (see below). It is

likely that these viruses evolved to take advantage of nor-

mal cellular processes that allow intra-Golgi transport of

large cargo in specialized cell types.

Coronaviruses: a model for exocytosis of large cargo

Coronaviruses (CoVs) acquire their envelopes from the

endoplasmic reticulum-Golgi intermediate compartment

(ERGIC), also called the cis Golgi network (Klumperman

et al. 1994). The three main envelope proteins (S, M, and

E) are synthesized in the ER and move to the ERGIC/Golgi

region where they orchestrate assembly of virus by inter-

acting with the viral nucleocapsid [reviewed in (Hogue and

Machamer 2008)] (Fig. 1). Once virions have budded into

the lumen of the ERGIC, the *120 nm particles must

move through the host secretory pathway to be released

from infected cells. Coronaviruses are believed to follow

the constitutive secretory pathway for exocytosis, although

only a few studies have addressed the release of virions.

During infection, a progressive disruption of Golgi struc-

ture is observed, with swollen unstacked cisternae late in

infection (Fig. 2).
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The CoV E protein and virus egress

The E protein is incorporated into CoV virions at a low

level despite its robust expression in infected cells and is

essential for efficient virus production (Fischer et al. 1998;

Kuo and Masters 2003; Ortego et al. 2002). The E protein

may induce membrane curvature or membrane scission to

enhance particle production. Another role for the corona-

virus E protein is in efficient release of infectious virus

from cells. This role is thought to involve the population of

E that is not incorporated into the viral envelope.

Coronaviruse E proteins are similar in size and topology

to several other viral proteins known as ‘‘viroporins,’’ some

of which have been shown to be ion channels (Wang et al.

2011). The influenza virus M2 protein is the best-studied

virus ion channel. This pH-activated proton channel is a

small membrane protein that spans the bilayer with a Nexo–

Ccyto topology, and the active channel is a homo-tetramer

(Pinto et al. 1992). M2 plays an essential role in influenza

virus infection, and the residues in the transmembrane

domain involved in pore formation and regulation have

been identified (Pinto et al. 1992; Fischer and Sansom

2002). CoV E proteins (76–109 amino acids in length) also

adopt a predominantly Nexo–Cendo topology in the mem-

brane (Fig. 3a) (Ruch and Machamer 2012b; Corse and

Machamer 2000; Nieto-Torres et al. 2011) and are targeted

to the Golgi region in infected and transfected cells (Corse

and Machamer 2000; Lopez et al. 2006; Raamsman et al.

2000; Liao et al. 2006). Synthetic peptides corresponding

to full-length E proteins from four different coronaviruses

demonstrated cation-specific currents in planar bilayers

(Wilson et al. 2004; Wilson et al. 2006). Since CoV E

protein has a single transmembrane domain, it must oli-

gomerize to produce a channel. Computational modeling

and spectroscopy studies support the formation of a homo-

pentamer (Pervushin et al. 2009; Torres et al. 2007; Par-

thasarathy et al. 2008). Although direct evidence that the

CoV E protein functions as an ion channel in infected cells

is lacking, it has been shown that hexamethylene amiloride

blocks mouse hepatitis virus replication in an E-dependent

manner (Wilson et al. 2006). In addition, different CoV E

proteins can complement the growth defect of mouse

hepatitis virus when the E protein gene is deleted (Kuo

et al. 2007), even though their sequences are quite

divergent.

We use the infectious bronchitis virus (IBV) as a model

CoV and discovered a role for the IBV E protein in virus

release from infected cells (Machamer and Youn 2006;

Fig. 1 Model for coronavirus assembly in Golgi membranes. The

envelope proteins (S, M, and E) are synthesized in the ER and

transported to the Golgi region, where they interact with the viral

RNA genome (replicated in the cytoplasm) bound to the N protein.

Virions are exocytosed through the secretory pathway

Fig. 2 Progressive dilation of Golgi membranes during coronavirus

infection. Vero cells infected with wild-type IBV for 14 h were fixed

and processed for electron microscopy. a Several virions in a

relatively intact Golgi stack. b Increased dilation of Golgi cisternae

containing more virions, with possible intercisternal connections

(arrows). c Extensive dilation of a Golgi region. Bars 200 nm
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Ruch and Machamer 2011, 2012a). To examine the role of

the putative ion channel, we replaced the transmembrane

domain of E protein with a heterologous transmembrane

domain (‘‘EG3,’’ Fig. 3a) and generated a recombinant

IBV with the EG3 sequence substituted for that of wild-

type E. The mutant virus (IBV-EG3) produces virions that

fail to be efficiently released from infected cells, although

assembly is normal. IBV-EG3 virions accumulate in large

intracellular vacuoles where they may be damaged by

proteases prior to release. One idea is that the microenvi-

ronment in the lumen of the Golgi must be altered in a

reversible manner to permit passage of virions. The IBV E

protein might perturb the luminal pH directly as an ion

channel or indirectly by interacting with a Golgi ion

transporter. To test how IBV E affects cargo trafficking in

the absence of infection, we overexpressed the protein from

cDNA. Surprisingly, overexpression of IBV E leads to

reduced trafficking of secreted and membrane cargo pro-

teins through the Golgi, which was opposite of the

expectation for a protein that seemed to enhance virus

egress (Ruch and Machamer 2011). We concluded that the

E-induced reduction in the rate of exocytosis was an

acceptable compromise for the virus in ensuring release of

infectious particles. Overexpression of IBV E also induced

Golgi disassembly, although it is not known if this is a

result of the trafficking defect or the cause of it. Mutation

of the residues in the E transmembrane domain implicated

in ion channel activity abrogates the trafficking defects and

Golgi disruption, suggesting that the alterations in the

Golgi correlate with efficient exocytosis of infectious virus

particles (Ruch and Machamer 2012b). We concluded that

the putative channel activity of the CoV E protein was

required for efficient release of infectious virus from

infected cells and proposed that altering the luminal

microenvironment of the Golgi was essential for this

process.

If the transmembrane domain of CoV E and its ion

channel activity were both required for dilation of Golgi

cisternae to accommodate virions, we would predict that

such dilation would not occur in cells infected with IBV-

EG3. Surprisingly, however, dilation does occur when the

putative ion channel activity is abrogated (Fig. 3b), sug-

gesting that the large cargo itself may be responsible. The

presence of the cargo may induce rounding of flat cisternae

by simply taking up space inside the lumen. Alternatively,

a signal from the lumen to peripheral proteins like GRASPs

may trigger disassembly that allows the rounding of cis-

ternae. If the microenvironment alteration induced by the

CoV E protein is not required for dilation of cisternae, what

role does it play in efficient exocytosis of infectious virus?

IBV E may alkalinize Golgi compartments to prevent

damage to virions if they meet up with endosomal prote-

ases or to promote a maturation step that could protect

virions from host proteases. Alternatively, E may play an

indirect role in directing virus carriers to fuse with the

plasma membrane instead of the lysosomal system.

Release of other enveloped viruses that assemble

intracellularly

The putative coronavirus ion channel activity supplied by

the E protein is required for efficient release of infectious

virus from cells. What about the other classes of enveloped

viruses that bud into the ER or Golgi? Hepatitis C virus

(HCV) encodes a cation channel called p7 that plays an

important role in virus release after budding into the ER

Fig. 3 Golgi dilation occurs in the absence of CoV E protein ion

channel function. a Membrane topology of IBV E and a mutant E

with a heterologous transmembrane domain sequence derived from

VSV-G (EG3). b Vero cells infected with IBV-EG3 were processed

for electron microscopy at 14 h post-infection. The three panels show

increasing dilation of Golgi cisternae similar to infection with wild-

type IBV. Bars 200 nm
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lumen (Wozniak et al. 2010). This small membrane protein

(63 amino acids) forms an unusual flowerlike hexamer in

the membrane (Ouyang et al. 2013) with a structure very

different from the influenza M2 proton channel (Pinto et al.

1992) and the proposed coronavirus E channel (Torres

et al. 2007). HCV p7 is proposed to neutralize acidic

compartments via equilibration of proton gradients, thus

protecting intracellular virions during egress (Wozniak

et al. 2010).

Bunyaviruses and rubella virus have not been reported

to encode ion channels. However, the Golgi complex is

disrupted in cells infected with the Uukuniemi bunyavirus

(Gahmberg et al. 1986). The disrupted Golgi can still

transport and process cargo (Gahmberg et al. 1986), similar

to the coronavirus findings. Cells infected with rubella

virus also show some Golgi rearrangements, but this has

not been studied in terms of virus egress (Risco et al.

2003).

Potential mechanisms for accommodation of large

cargo in Golgi cisternae

Signaling the presence of cargo

A bolus of cargo arriving at the cis Golgi has been to

shown to activate Src family kinase (SFK) signaling

(Pulvirenti et al. 2008; Giannotta et al. 2012). The exper-

imental conditions that deliver a large cargo bolus include

releasing a block in ER export of the vesicular stomatitis

virus G protein (a temperature-sensitive mutant) or

reversing the inhibition of procollagen folding in the ER.

The current model for the role of SFK signaling in cargo

traffic includes the following steps (Giannotta et al. 2012):

(1) a cargo bolus arriving from the ER carries with it some

level of ER chaperones (KDEL proteins), (2) the KDEL

proteins bind the KDEL receptor, which in turn activates

Gaq/11, leading to local SFK activation at the Golgi,

possibly through local Ca2? efflux after phospholipase C

activation, and (3) SFK phosphorylation of trafficking

machinery, including dynamin-2 (Weller et al. 2010),

which ensures efficient transport. Whether constitutive

delivery of cargo requires SFK signaling is an open ques-

tion, as is the requirement for transport of large spherical

cargo including chylomicrons or enveloped viruses.

Dilation of cisternae

Given the rapid rate of dilation of Golgi cisternae in en-

terocytes after fat absorption (Sabesin and Frase 1977;

Hamilton et al. 1998), it is unlikely that new membrane

synthesis accounts for the structural alterations as large

cargo enters the Golgi. Instead, it is probable that the

volume increase is due to rearrangement of the flat cister-

nae into more spherical shapes. A significant volume

increase can occur by dilation without changing the surface

area of a flat cisterna (Derganc et al. 2006). Dilation could

involve influx of osmotically active ions followed by water

influx, loss of intraluminal connections that keep cisternae

flat, and/or remodeling of GRASPs and golgins that

maintain Golgi structure from the cytoplasmic face. There

is precedent for rapid Golgi dilation in cells treated with

the Na?/H? ionophore monensin, where alkalinization of

the Golgi lumen results in swollen Golgi cisternae within

minutes, starting on the trans face and subsequently

involving the entire organelle (Dinter and Berger 1998).

Other perturbations that impact Golgi luminal pH

(expression of the influenza M2 proton channel or deple-

tion of the Golgi pH regulator (GPHR) anion channel) also

result in swollen Golgi cisternae (Sakaguchi et al. 1996;

Maeda et al. 2008), suggesting that pH is a good indicator

of ionic imbalance leading to water influx. The dilation

could also involve SFK signaling but perhaps require a

more robust level than stimulated by ‘‘small’’ cargo.

Disassembly of peripheral Golgi structural proteins

GRASP65 and GRASP55 are known to mediate cisternal

stacking (Ramirez and Lowe 2009). GRASP disassembly

might be an early change during cisternal dilation, since it

appears that cisternae come unstacked in intestinal cells

producing chylomicrons and in CoV-infected cells. The

status of GRASP assembly has not yet been examined in

cells producing large cargo. In mitotic cells, GRASP dis-

assembly is mediated by phosphorylation: GRASP55 is

phosphorylated through the MAP kinase pathway, and

GRASP65 is phosphorylated by Plk and Cdc2 (Xiang and

Wang 2010; Wang et al. 2003). However, GRASP65 can

also be phosphorylated by ERK2 during interphase (Yo-

shimura et al. 2005), which is required for establishment of

cell polarity by Golgi remodeling during cell migration

(Bisel et al. 2008). This suggests that remodeling of Golgi

membranes during interphase requires GRASP disassem-

bly. It will be important to assess GRASP disassembly

during passage of large cargo through the Golgi, but it is

unlikely that this is the sole mechanism of cisternal dila-

tion. Depletion of both GRASP65 and GRASP55 by RNAi

results in complete unstacking, but the Golgi cisternae

retain a fairly normal shape (Xiang and Wang 2010).

Directions for the future

It is clear that many questions remain in terms of under-

standing Golgi dynamics and large cargo trafficking. Many

of these questions hinge on our poor understanding of how
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Golgi cisternae normally remain flat. The open questions

include (1) Is rod-shaped cargo (procollagen aggregates)

handled differently than spherical cargo such as chylomi-

crons? (2) Does dilation of cisternae require osmotically

active ion transport and water influx or can large cargo

itself induce the internal or peripheral structural changes

required for accommodation of the cargo? (3) Does dilation

reduce efficiency of cargo processing? (4) Does large cargo

traverse ministacks (induced by microtubule depolymer-

ization) at the same rate as in an intact Golgi ribbon? (5) Is

SFK signaling more robust for large cargo than for small

cargo? (6) Do enveloped viruses that bud into the Golgi

need to activate SFK signaling independently of the normal

mechanism (KDEL protein leak) since they are not traf-

ficked from the ER? Many of these questions can be

answered with experimental systems currently available.

A final question involves reversal of the significant

morphological changes in Golgi membranes once the large

cargo has moved past the Golgi complex. If cisternal

maturation were the sole mechanism of transport, then

recovery would be accomplished as new cisterna lacking

the cargo form on the cis face. If, however, at least part of

the stack were stable (Lavieu et al. 2013), the reduction in

volume and flattening of the cisternae would have to be a

more active process. Presumably, this would involve

reversing the processes that induced the dilation in the first

place. Answering this question and those above will go a

long way toward understanding how large cargo is

accommodated during trafficking through the Golgi com-

plex, and how defects in the process contribute to disease.

Importantly, these answers will also lead to a better

understanding of the mechanism for maintaining flattened

Golgi cisternae as well as the advantage of this structure for

the cell.
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